X and Y chromosomes are involved in sex determination in many species 1 . Sex chromosomes are derived from ordinary autosomes, yet old X and Y chromosomes contain a vastly different gene repertoire. In particular, X chromosomes often closely resemble the autosome from which they were derived, with only few changes to their gene content 2 . In contrast, Y chromosomes dramatically remodel their gene repertoire [3] [4] [5] . Y evolution is characterized by massive gene decay, with the vast majority of the genes originally present on the Y disappearing, and Y degeneration is often accompanied by the acquisition of repetitive DNA 4 . Old Y chromosomes typically contain only a few genes, and some lineages have lost their Y chromosome entirely 6 . The ultimate cause for Y degeneration is a lack of recombination on Y chromosomes, which renders natural selection inefficient 4 . However, while X chromosomes have been characterized and sequenced in many species, much less is known about Y gene content evolution beyond these very general patterns. Labor intensive sequencing of Y chromosomes in a few mammal species has revealed a surprisingly dynamic history of Y chromosomes, with palindromes retarding Y degeneration in primates 7 , or meiotic conflicts driving gene acquisition on the mouse Y 8 . However, the repeat-rich nature of Y chromosomes has hampered their evolutionary studies in most organisms.
Dipteran flies have multiple independent originations of sex chromosomes 9 . In particular, flies typically have XY sex chromosomes and a conserved karyotype consisting of six chromosomal arms (five large rods and a small dot; termed Muller elements A-F 10 ). Interestingly, we recently showed that superficially similar karyotypes conceal the true extent of sex chromosome variation in Diptera: whole-genome analysis in 37 fly species belonging to 22 families identified over a dozen different sex chromosome configurations in flies based on gene content conservation of the X chromosome 9 . The small dot chromosome was repeatedly used as a sex chromosome, but we detected species with undifferentiated sex chromosomes, others in which a different chromosome replaced the dot as a sex chromosome or in which multiple chromosomal elements became incorporated into the sex chromosomes, and others yet with female heterogamety (ZW sex chromosomes) 9 .
However, no Y-linked genes were identified in our previous analysis, due to the difficulty in assembling genes from the often highly repeat-rich Y chromosome. Several Y-linked proteincoding genes in Drosophila melanogaster, for example, carry mega-base sized introns consisting of repetitive transposable element (TE) and satellite-derived DNA 11 , making it impossible to assemble them using next-generation sequencing approaches 12, 13 (though the application of long-read PacBio
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Step 4: Map female RNA-seq reads to unmapped transcripts Fig. 1 Bioinformatic subtraction pipeline to infer Y-linked transcripts. Male RNA-seq reads are mapped to genomic scaffolds build from female genomic reads (Step 1); unmapped male RNA-seq reads are used to build a de novo transcriptome (Step 2), and transcripts that either map to the female genome assembly ( Step 3) or female RNA-seq reads (Step 4) are discarded. Remaining transcripts are merged (Step 5) and only merged transcripts are kept that show mapping to male genomic reads and no mapping to female genomic reads (Step 6) and that show expression in males but not females ( Step 7) . Transcripts that mapped to a de novo repeat library were discarded (Step 8), and only transcripts which had an effective length (as calculated by the software eXpress) greater than 0.6 times the transcript length were kept in the final list ( Step 9) technology has proven useful in assembling Y-linked genes and genomic regions in D. melanogaster 14, 15 ). Intriguingly, most Y-linked genes in Drosophila are not simply remnants of genes present on the autosome that became the sex chromosome; instead, they all appear to have been acquired secondarily on the Y, after it evolved its male-limited transmission 12, 13, 16, 17 . Y-linked genes in D. melanogaster all have male-specific functions and have adapted testis-specific expression, which suggests that they were acquired from autosomes and retained on the male-specific Y because of male-beneficial functions 12, 13, 16, 17 . This is in contrast to most mammalian species studied: while mammals have also acquired some multi-copy testis-specific genes secondarily, they still contain multiple genes that arose from genes ancestrally present on the proto-sex chromosomes with broad expression patterns and homologs on the X 7, 18-21 . These genes may have been maintained because of dosage constraints 20, 21 .
Here we utilize whole-genome and transcriptome sequencing data from 22 Diptera species to trace gene content evolution of Y chromosomes in flies. Our sample encompasses sex chromosomes of very different ages, and at very different stages in their evolution. Our broad phylogenetic sampling across Diptera families focuses on old, independently formed Y chromosomes that presumably have been sex-linked for long time periods (i.e., several tens of millions of years), with basically no sequence homology left between the X and the Y 9 . Drosophila neo-sex chromosomes, on the other hand, were formed more recently (tens of thousands of years, to a few million years ago), by fusions of different autosomes to the ancestral sex chromosome pair of Drosophila (which is conserved across Drosophilidae). For recent fusions, the neo-X and neo-Y still contain considerable homology between them, and the amount of sequence homology progressively declines for older fusions as Y chromosomes degenerate 4, [22] [23] [24] . This contrast enables us to infer the selective regime under which Y chromosomes evolve initially when still containing most of their ancestral genes, and their long-term evolutionary dynamics after most of their original genes have been lost.
In particular, our sampling scheme allows us to compare Y gene complement evolution on three different levels: (1) gene content evolution on old, non-homologous Y chromosomes across Diptera families; (2) the dynamics of gene gain and loss on the ancestral homologous Y chromosome of Drosophilidae; and (3) modification of the original gene complement on young, recently formed Drosophila neo-Y chromosomes. Here we identify Y-linked genes in 13 Diptera species, using a subtraction pipeline that infers Y genes from male and female genome and transcriptome data. We show that most Y genes on old Y chromosomes in flies are derived from autosomes, and have convergently evolved male-specific functions.
Results
Inference and validation of Y-linked genes in D. melanogaster. Previous studies used male and female genomic data to identify Y-linked genes in Drosophila or Anopheles species 17, [25] [26] [27] . In particular, by comparing male and female sequence data to a reference genome, Y-linked sequences can be identified based on being present only in the male sequence data (either by identifying scaffolds with male-specific kmers 26 or by finding scaffolds with higher read coverage in male relative to female genomic reads 25 ). Our initial application of these approaches to our male and female genomic fly data was of limited success to reliably identify Y genes 9 , presumably due to a combination of factors: Y chromosomes have few genes and mainly consist of repetitive DNA, and our genome assemblies for the various fly taxa from next-generation sequencing data are more fragmented than the well-curated Drosophila or Anopheles genomes, and especially so at repeat-rich regions. Thus, fragmented genome assemblies combined with moderate genomic read coverage prevented us from using methods to infer Y-linked genes simply based on genomic data. Instead, we developed a bioinformatics subtraction pipeline to identify Y-linked genes, using both transcriptome and genome assemblies and raw sequencing reads from both sexes ( Fig. 1 ), which is similar to an approach performed in mammals 21 . Briefly, male transcripts were assembled from male RNA-seq reads that did not map to a female genome assembly, and Y identity was confirmed by mapping to male genomic and transcriptomic reads, and no/little mapping to female genomic and transcriptomic reads ( Fig. 1, Methods) .
We validated our pipeline by applying it to genomic and RNA-seq data that we collected for D. melanogaster males and females (Supplementary Table 1 ), and we could recover all previously identified Y genes, with the exception of the recently acquired FDY gene ( Supplementary Fig. 1 ). FDY still shares considerable homology with its autosomal paralog (98% nucleotide identity 14 ) , and thus does not pass our strict bioinformatics filters. Our D. melanogaster assemblies of Y-linked transcripts are also highly contiguous and span almost all of the annotated coding sequences on the D. melanogaster Y chromosome ( Supplementary Fig. 1 ). Most genes are covered by a single, full-length transcript, and four genes are covered by two partial transcripts with short gaps; only the PRY gene is missing a substantial fraction of its coding sequence in our de novo transcriptome assembly (the missing fragment did not pass the genomic coverage threshold in our pipeline). Moreover we were also able to recover genes from the Mst77Y gene family ( Supplementary Fig. 1 ), which still retain moderate levels of homology to their autosomal paralog Mst77F (~90% identical at the protein level 28 ).
In addition to the known Y genes, we identify one previously unmapped coding transcript on the D. melanogaster Y that corresponds to the annotated CG41561 gene (which was suspected to be Y-linked 29 ). This protein-coding gene is located on an unmapped 16.1-kb long scaffold, and has four annotated coding exons ( Fig. 2a ). We confirmed Y-linkage of that gene by read mapping to other published D. melanogaster male and female strains: CG41561 was present in all males sequenced from various locations, but absent in reads derived from females (Supplementary Table 2 , Fig. 2b ). This supports our conclusion that CG41561 is Y-linked in D. melanogaster, and fixed among D. melanogaster strains. Expression profiles show that CG41561 is expressed predominantly in testis, and to some extent also in L3 larvae ( Fig. 2c , Supplementary Fig. 2 ). We could not detect a paralog in the D. melanogaster genome for CG41561 (even at low stringency), and orthologs were found within the melanogaster species group of Drosophila ( Supplementary Fig. 3 ). Thus, like most other D. melanogaster Y genes 12, 13, 16, 17 , CG41561 does not have an old X homolog, and has a male (testis) function.
To infer the false-positive rate of our approach, we applied the same subtraction pipeline to identify female-specific transcripts by switching the sexes (i.e. assemble female transcripts that map to female genomic reads, but not to a male genome assembly or genomic reads, or male transcriptome data). We identify three putative female-specific transcripts, all of which are derived from the gene kirre that is located on the D. melanogaster X chromosome, and which shows higher expression in adult females compared to males. X-linked genes have reduced read coverage in males relative to females, and are thus more likely to be mis-inferred as female-specific. Overall, our pipeline shows both high sensitivity and specificity for detecting Y-linked genes, especially for species and genomic regions with high read coverage.
Identification of Y genes across Diptera. We initially applied our pipeline to 22 fly species for which we obtained genome and transcriptome data (Supplementary Table 1 ). Inferred genome sizes vary dramatically across the species investigated 9 (between 103 and 937 Mb; Supplementary Table 3 ). Overall, the quantity and quality of data collected is roughly comparable among species and similar to the D. melanogaster data analyzed above (between 8-87 million genomic reads per species, with more reads collected for species with larger genome sizes; Supplementary Table 3 ), suggesting that our power and sensitivity to detect Y-linked genes in other species should be roughly similar to that in D. melanogaster. However, genome size and the quality of genome and transcriptome assemblies, and to some extent, genomic read coverage, differ considerably among species. For instance, N50 for genome assemblies vary between 1 and 242 kb ( Supplementary Table 3 ), and species with larger inferred genome sizes tend to have more fragmented genomes ( Supplementary  Table 3 ). Thus, given the sensitivity of our pipeline to genomic coverage, and genome/transcriptome assembly qualities, we applied our method to identify both male-and female-specific transcripts for each of the species, in order to empirically assess our false-positive rate. We failed to detect male-limited transcripts in four species: Coboldia fuscipes (the species with the smallest and most contiguous genome); the Hessian fly Mayetiola destructor (where males are known to lack a Y chromosome, i.e. they are X0); Megaselia abdita (a species with homomorphic sex chromosomes), and the flesh fly Sarcophaga bullata (which has a pair of small X and Y chromosomes). In three species, we find similar numbers of male-and female-limited transcripts: Chironomus riparius and Aedes aegyptii both have homomorphic sex chromosomes (and A. aegyptii has the largest inferred genome size of all species analyzed; Supplementary Table 3 ); and Condylostylus patibulatus (a species with XY sex chromosomes, and the third largest inferred genome, Supplementary Table 3 ). We only considered species further for which we had more than twice as many male-specific than female-specific transcripts (excluding Tipula oleracea and Bactrocera oleae), thus leaving us with 13 species to identify putative Y-linked genes (see Supplementary  Table 3 ).
We additionally verified that our pipeline is reliable in identifying Y-linked sequences, using two different approaches.
(1) We determined the location of candidate Y-genes in a subset of species with published high-quality genomes (Anopheles gambiae and Drosophila species) and (2) we used PCR to test for male-specific amplification of candidate Y-genes for a subset of non-Drosophila flies. Consistent with the high specificity of our pipeline that we observed in D. melanogaster, we generally find that our candidate Y transcripts either map to previously identified Y-linked scaffolds, or to unplaced scaffolds (which likely are derived from the Y chromosome). In particular, all three candidate Y-transcripts that we found in A. gambiae map to the previously identified Y-linked genes YG1 and YG2 27 . Furthermore, 12 candidate Y-linked transcripts identified in D. pseudoobscura show highly similar sequences in the published genome ( > 95% of nucleotides mapping to over 50% of the transcript using blastn), and 11 of them map to unplaced scaffolds in the D. pseudoobscura genome. If we map putative Y-linked transcripts of its close relative D. miranda to the D. pseudobscura genome, we identify 63 transcripts that are highly similar to the reference genome sequence ( > 95% of nucleotides mapping over 50% of the transcript); 20 of these transcripts map to unplaced (and thus putatively Y-linked scaffolds), 39 transcripts are located on Muller element C, which is the homolog of the recently formed neo-sex chromosomes in D. miranda (i.e., these transcripts are presumably derived from the D. miranda neo-Y chromosome), and only 4 map to other genomic locations. Thus, our pipeline is highly specific in each of the species in picking up true Y-linked sequences. PCR amplification in males but not females further confirmed Y-linkage for a subset of our putative Y-linked transcripts in several non-Drosophila species (6 transcripts in Themira minor; 10 transcripts in Teleopsis dalmanni; 4 transcripts in Ephydra hians and 8 transcripts in Phortica variegata, Supplementary  Fig. 4 ; for transcripts and primers see Supplementary Table 4 ). To empirically assess a 'worst-case scenario' false-positive and false-negative rate, we subsampled our D. melanogaster data to match read counts with the species for which we have the lowest number of read pairs (Mayetiola destructor). Using this reduced dataset, we identify 25 male-specific and zero female-specific transcripts with our pipeline (we lose the PRY gene completely and fragments of a few other transcripts; see Supplementary  Fig. 5 ). Thus, this further suggests that our approach is robust and sensitive to infer Y-linked transcripts across the species investigated.
Fly gene repertoires. In our study, we consider Y chromosomes at two very different stages of their evolution: old ancestral Y chromosomes from diverse Diptera families where most original Y genes have been lost 9 , and young neo-sex chromosomes of Drosophila, which may still contain most of their original genes [22] [23] [24] 30 .
In total, we identified 187 protein-coding transcripts (or parts of transcripts), and 656 non-coding transcripts across all species that are potentially Y-linked. Note that the method that we use for classifying transcripts into coding vs. noncoding (i.e., Coding Potential Calculator 31 ) is conservative in evaluating coding capacity of a DNA sequence, resulting in the assignment of a large number of transcripts as non-coding. Fragmented proteincoding transcripts, or short and highly divergent proteins (as is the case for many testis-expressed transcripts, see below) may be annotated as non-coding, and Coding Potential Calculator indeed called some incomplete Y-linked transcripts of D. melanogaster as non-coding, even though they mapped to parts of known protein-coding Y genes. The number of inferred Y genes varies substantially between species, with no protein-coding genes identified in Clogmia albipunctata, and 59 potentially protein-coding transcripts found in D. miranda ( Fig. 3 ). We identify both Y-linked genes in species without morphologically distinguishable sex chromosomes, such as in black or sand flies, but also fail to detect Y genes in others with differentiated X and Y sex chromosomes (and high-quality genomes), such as in Coboldia fuscipes (Supplementary Table 3 ).
We previously showed that sex chromosomes originated independently in several fly families, and different chromosomes (termed Muller elements A-F; see Fig. 3 ) are segregating as the X chromosome in different species investigated 9 . Apart from the ancestral Y of Drosophilidae, all other sex chromosome systems investigated here evolved independently 9 . Drosophilidae are classified into two subfamilies, Drosophilinae and Steganinae, and we showed that the X chromosome of the two subfamilies is homologous (i.e. derived from Muller element A 9 Y chromosomes may contain master sex determination genes, and in some cases, we could identify potentially interesting candidate genes for further study. In Chaoborus trivittatus, a species with homomorphic sex chromosomes, we were able to identify 17 potentially Y-linked transcripts, one of which is homologous to the DSX protein of several other Diptera species. The dsx gene is involved in sex determination in flies, and dsx homologs are expressed in the developing gonad of many animals, and have been utilized as master sex determination genes in both vertebrates and invertebrates 1 . We also recovered the YG2 gene in A. gambiae, which is thought to be the male-determining gene in this species 27, 32 .
Origin of fly Y genes on ancestral Y chromosomes. Y-linkage of genes could be a consequence of them being ancestrally located on the autosome that became a sex chromosome and escaping degeneration, or because genes were recruited to the Y chromosome secondarily (by translocations or transpositions) only after it became male-limited (as appears to be the case for most Y-linked genes in D. melanogaster 12, 13, 16, 17 . If current Y genes represent escapees of genes ancestrally located on the sex chromosomes, we expect that their closest paralogs in the genome map to the X. In contrast, if they secondarily moved onto the Y chromosome, we expect their closest paralogs to be autosomal. Note that we cannot distinguish genes that have been copied and moved to the Y from the X secondarily from those that were ancestrally located on the Y chromosome, based on location information alone (that is, we may overestimate the number of genes being ancestrally Y-linked).
We assessed the origin of our putative Y-linked genes in Diptera using two completely independent approaches.
(1) We determined on which Muller element the closest homologs of Y-linked candidate genes in D. melanogaster are located. (2) We investigated whether the closest paralogs of putative Y genes within the same genome are X-linked or autosomal, based on genomic coverage analysis 9 . If current Y-genes are remnants of genes ancestrally present on the proto-Y chromosome, we expect them to map to the same Muller element (s) that formed the X chromosome in a species (using mapping information from D. melanogaster), and their closest paralog in the genome should be located on a genomic scaffold with half the male/female coverage ratio relative to autosomal ones (i.e., X-linked 9 ). In contrast, if Y-genes were acquired from autosomes, we expect them to map to different Muller elements in D. melanogaster than the one(s) that formed the X chromosome, and their closest paralogs within a genome should harbor male/female genomic coverage ratios typical of autosomes. Note that mapping to D. melanogaster (i.e., our D. pseudoobscura P. variegata E. hians L. trifolii T. dalmanni T. minor C. albipunctata C. trivittatus first approach) assumes conservation in gene content of Muller elements across Drosophila, which has been found to largely hold true using comparative mapping 10 and whole-genome re-sequencing studies 33 , and was validated by our previous comparative study inferring sex chromosomes across Diptera (where the vast majority of genes inferred as Xlinked in various Diptera species, based on genomic coverage, mapped to a particular Muller element in D. melanogaster, and only few genes from other Muller elements, based on homology to D. melanogaster, were inferred to be X-linked based on coverage analysis 9 ). The suborder Nematocera is distantly related to fruit flies, and we detect only one homolog of a putative Y-linked gene in Drosophila (for a species with homomorphic sex chromosomes; see Fig. 3 ). We identify paralogs within the genome for three Nematocera species (two with homomorphic sex chromosomes, and one with heteromorphic sex chromosomes). The only paralog that we identify in a species with heteromorphic sex chromosomes (i.e. a transcript that partially overlaps with the YG1/YG2 genes in A. gambiae) is located on a scaffold with a male/female genomic coverage ratio typical of the X (Fig. 4) , and mapping of this Y-linked transcript against the A. gambiae genome (https://www.vectorbase.org/) also confirms that its closest non-Y-linked paralog is located on the X chromosome of A. gambiae ( Supplementary Fig. 6 ; but note that the longer YG1 and YG2 transcripts mapped to autosomal locations in A. gambiae 27 ). Indeed, a recent study utilizing a comprehensive RNA-seq dataset of sexed A. gambiae across development and whole and dissected adults (52 data sets in total) identified eight putative Y-linked genes (including the YG1 and YG2 genes), and found them all to be derived from autosomes 27 . It will be of interest to study additional Nematocera species with heteromorphic sex chromosomes, to better understand gene content evolution of the Y in this suborder.
Across most species belonging to the suborder Brachycera with old Y chromosomes (i.e., excluding Drosophila neo-sex chromosome systems), we find that putative Y-linked genes often have their homologs in D. melanogaster on several different Muller element's, and there is no overall enrichment for Y genes being derived from the same Muller element(s) that formed the X chromosome within a species (Fig. 3) . Also, Y-linked genes have their closest paralog within a genome generally map to scaffolds that have male/female genomic coverage ratios typical of autosomes (Fig. 4) . The Y chromosome of scavenger flies (T. minor), however, shows a somewhat different pattern: here, half of the identified putative Y-linked transcripts have their closest homolog map to the same Muller element that formed the X chromosome (3 out of 6; Fig. 3 ), and 3 out of 4 paralogs of Y-linked transcripts show male/female coverage ratios in T. minor that are typical of X chromosomes (Fig. 4) . Thus, a large fraction of Y-linked transcripts in scavenger flies may be remnants of genes initially present on the Y, while most putative Y-linked genes of stalk-eyed flies, shore flies, and Drosophilidae are derived from autosomes (consistent with D. melanogaster data 12, 13, 16, 17 ; see Figs. 3 and 4 ). Hence, unlike in mammals, ancestral Y genes in flies are often derived from a wide variety of autosomal genes that were acquired on the Y chromosome only after it became male-limited. Sequence divergence between putative Y genes and their autosomal paralogs allow us to roughly date when genes were acquired on the Y chromosome, with more recent acquisitions showing higher amounts of sequence similarity 12, 13, 16, 17 . We determined protein-coding paralogs for each putative Y-linked transcript in the female genome, and calculated rates of synonymous and non-synonymous substitutions between the Y-linked transcripts and their closest paralog in the female genome assembly (Fig. 5 ). In general, for non-Drosophila species, divergence between Y-linked genes and their autosomal paralogs is relatively low (Ka from 0.038 to 0.773 and Ks from 0.039 to 4.022), compared to divergence levels inferred in D. melanogaster (median Ka = 0.353, Ks = 4.112). Since we use D. melanogaster proteins to scaffold transcripts, the transcriptome assemblies for Drosophila species are more contiguous compared to the other species, which might make it more difficult to pick up more diverged paralogs in non-Drosophila flies. In general, we see a broad spread of divergence values between Y-linked genes and their paralogs, suggesting that genes were acquired on the Y chromosome at different evolutionary time points. This is consistent with patterns of gradual gene acquisition found on the Drosophila Y chromosome 17 .
Gene content evolution of Drosophila neo-sex chromosomes. All Drosophila species investigated, apart from D. melanogaster, harbor neo-sex chromosomes. Here, fusions between the ancestral sex chromosome of Drosophila and an autosome incorporated a new chromosomal arm into the ancestral sex chromosome, at different evolutionary time points. The neo-sex chromosomes of the species we investigated form a temporal gradient and display various levels of degeneration. Unlike the ancestral Y chromosome of Drosophila, the gene repertoire of young neo-Y chromosomes still reflects their ancestral gene complement [22] [23] [24] . Our transcriptome analysis identifies some of the neo-Y genes as Y-linked transcripts, suggesting that they are sufficiently diverged at the DNA sequence level from their neo-X homologs to be identified by our bioinformatics pipeline. Indeed, for the species where a gene-rich autosome (i.e., not Muller element F) formed the neo-sex chromosomes, we generally see an overrepresentation of Y-linked genes derived from that Muller element that fused to the ancestral sex chromosome (Fig. 3 ). This suggests that they are remnants of genes originally present on the neo-Y.
The D. albomicans neo-X and neo-Y were only formed about 100,000 years ago, by the fusion of a large autosome consisting of Muller elements C and D to the ancestral sex chromosome, causing roughly 5000 genes to become sex-linked 24 . The neo-sex chromosomes of D. albomicans are still mostly homologous, with very little differentiation and degeneration of its neo-Y 24 . Our bioinformatics pipeline identified 61 Y-linked transcripts in D. albomicans. For 35 putative Y-linked transcripts for which we could identify paralogs in the female genome, 34 were added by the neo-Y fusion and one transcript is homologous to kl-2 (we could not identify a paralog for the ancestrally Y-linked kl-3 gene in the female genome of D. albomicans). Sequence divergence between putative neo-Y genes and their neo-X homologs is much lower (median Ka = 0.04 and median Ks = 0.21) than divergence between ancestral Drosophila Y genes and their paralogs ( Fig. 5) , consistent with the recent formation of the neo-sex chromosomes in D. albomicans.
Drosophila busckii's neo-sex chromosome system was formed by the fusion of the small dot chromosome (Muller element F, which contains only about 100 genes) to the ancestral sex chromosomes about 1MY ago, and it displays intermediate levels of Y degeneration 22 . Detailed molecular analysis suggested that the majority of neo-Y linked genes are still present, but about half appear pseudogenized 22 . Our bioinformatics pipeline identified 139 putatively Y-linked transcripts in D. busckii, and for 48 of those transcripts were we able to identify paralogous sequences in the female genome; two were added by the neo-Y fusion, 16 were ancestrally Y-linked, 21 autosomal, 2 from the ancestral X and 7 whose genomic location could not be determined based on mapping to their published genome 22 , or homology with D. melanogaster coding sequences.
Drosophila pseudoobscura harbors an older neo-sex chromosome which arose about 15 MY ago (and which it shares with D. miranda). This system arose by the fusion of Muller element D (which contains roughly 3000 genes) to the ancestral X chromosome, and the fused arm is referred to as chromosome XR in the pseudoobscura group. Genes located on chromosome XR all appear hemizygous 23 , and the evolutionary fate of the neo-Y of the D. pseudoobscura group has been unclear. Intriguingly, it has been shown that the ancestral Y of Drosophila became linked to an autosome in an ancestor of the D. pseudoobscura species group, at around the same time when the Muller element D-X chromosome fusion occurred 30, 34 . Consistent with this scenario, we do not detect any ancestral Drosophila Y genes as sex-linked in either D. pseudoobscura or D. miranda (Fig. 3 ). Since flies in the pseudoobscura group contain a morphologically distinguishable Y chromosome, it had been speculated that the current Y is the unfused neo-Y, i.e., the degenerated remnant of Muller element D 30 . Proof for this hypothesis, however, is lacking. Indeed, we find that many (13 out of 30) of the putative Y-linked transcripts that have mapped paralogs in the D. pseudoobscura genome are derived from chromosome XR (i.e., Muller element D). In addition, we identify 11 Y-linked genes in D. pseudoobscura that have homologs in D. melanogaster, and seven of them are located on Muller element D. This supports the idea that the current Y of D. pseudoobscura is derived from the unfused neo-Y. Interestingly, three of the seven Y genes that were ancestrally present on Muller D (i.e., also linked to Muller element D in D. melanogaster) have lost their former homologs on chromosome XR in D. pseudoobscura. Several studies have shown that X chromosomes in Drosophila are an unpreferred location for genes with male-specific function 35, 36 , and all three genes that have been lost from XR are expressed predominantly in testis (both in D. melanogaster and D. pseudoobscura). Thus, 'demasculinization' of the X chromosome will further contribute to erode any remaining homology between the X and the Y, in addition to Y degeneration.
Drosophila miranda contains two neo-sex chromosomes that originated through independent fusions at different time points. It shares the ancient neo-X fusion with D. pseudoobscura (i.e., chromosome XR), and 25 different transcripts (corresponding to 6 genes) of the Y-linked transcripts in D. pseudoobscura are also Y-linked in D. miranda (20 of which are from Muller element D). Furthermore, D. miranda also harbors a more recently formed neo-sex chromosome: Muller element C became part of the ancestral Y chromosome only about 1.5 MY ago and has undergone massive degeneration, with over half of its genes pseudogenized, and~150 genes (of the roughly 3000 genes initially present on the more recently added neo-Y) have become deleted 23 . Consistent with its intermediate level of differentiation, we identify the largest number of Y-linked transcripts in D. miranda: there are still many genes left on the neo-Y, and neo-Y genes are diverged enough from their neo-X homologs to be detectable by our bioinformatics approach. We identified 122 transcripts with homologous sequences in the female genome, 10 of which are located on chromosome XR (and thus are supposedly from the 'ancestral' neo-Y fusion), 21 transcripts have been acquired from autosomes/the ancestral X of Drosophila, and 91 transcripts whose closest paralog is located on the neo-X. Also, the majority of genes with homologs in D. melanogaster map to Muller element C (18 out of 29). Again, sequence divergence for the young neo-Y genes (median Ka = 0.069 and Ks = 0.094) is lower than for ancestral Y genes or genes from the more ancient neo-Y that derived from the fusion of chromosome XR to the ancestral X (median Ka = 0.192 and Ks = 0.493; see Fig. 5 ).
Functional evolution of Y genes. Previous work 17, 27 and our analysis suggests that many genes on ancestral Y chromosomes were acquired from autosomal locations. The majority of genes on more recently formed neo-Y chromosomes, in contrast, eventually undergo massive degeneration, while some start to diverge early on to be identifiable as male-specific in our pipeline (such as those on the D. albomicans or D. miranda neo-Y), or are maintained over long periods (such as on the D. pseudoobscura neo-Y). To assess which functional pressures are driving the acquisition of new Y genes, or the maintenance or divergence of existing neo-Y genes across flies, we used tissue-specific expression data. On one hand, we assessed expression of putative Y-linked genes with homologs in D. melanogaster (Fig. 3) in multiple D. melanogaster tissues. We find that most genes that have maintained or acquired Y-linkage are highly expressed in male-specific tissues of D. melanogaster, i.e., most genes are highly expressed in testis, and many are also highly expressed in male accessory glands (Fig. 6a) . To test whether this enrichment for testis-or accessory gland-biased expression is significant, we calculated expression (as TPM; transcripts per million) for all annotated D. melanogaster genes (version 6.02) in 5 samples (male head, female head, ovary, testis, and accessory glands) and performed binomial tests to evaluate if genes that are Y-linked across Diptera are overrepresented for genes showing highest expression in testis or accessory glands relative to all annotated D. melanogaster genes (61 genes out of 106 in our Y-linked gene set vs. 5216 genes out of 17560 genes total; P < 0.0001) or whether they are expressed exclusively in testis and accessory glands (36 genes out of 106 in our Y-linked gene set vs. 1655 genes out of 17560 genes total; p < 0.0001). A subset of our putative Y-linked genes across Diptera have clear roles in spermatogenesis in D. melanogaster. In Ephydra hians, for example, a homolog of the male sterile (2) 34Fe gene is found on the Y chromosome, which is highly expressed in male testis, and involved in spermatid differentiation 37 ; in T. minor, a homolog of the Rcd7 gene is found on the Y, which is involved in spermatogenesis 37 ; or the yuri gene on the Y of D. miranda and D. pseudoobscura, which is involved in sperm individualization 38 . All these observations are consistent with Y chromosomes being a preferred genomic location for genes with male-specific function 35, 36 . For a subset of species (D. melanogaster, D. albomicans, D. miranda, D. pseudoobscura, E. hians, T. dalmanni, T. minor) we had expression data from male and female head, as well as ovary and testis (Supplementary Table 5 ). This allowed us to compare tissue-specific expression patterns of Y-linked genes directly within a species. Again, we find that most Y genes show highest expression in testis compared to somatic tissue (Fig. 6b ). This directly demonstrates that surviving or newly acquired Y genes are selected for their male-specific functions. Note that Y-linked genes may show male-specific expression either because their male-specific function makes the (male-limited) Y chromosome an ideal genomic location or because genes on the Y chromosome evolve male-specific functions in response to being located on the Y, and both processes have been found to be important in shaping the gene content of the human Y chromosome 18, 39 . The maintenance of testis-expressed genes on degenerating neo-Y chromosomes 23, 40 and the recruitment of genes to the Y chromosomes whose autosomal paralogs have ancestrally testis-biased expression (as for example inferred from expression patterns in D. melanogaster; see Fig. 6a or based on testis-biased expression patterns of autosomal or X-linked paralogs of testis-expressed Y-linked transcripts in D. pseudoobscura; see Supplementary Fig. 7) provides evidence that genes with male-biased expression are selectively acquired or preserved on the Y because of their benefit to males. However, it is possible that some Y-linked genes evolved male-specific expression in response to being located on the male-limited Y chromosome.
Temporal evolution of Y chromosomes. Comparison of tissue-specific expression patterns of Drosophila neo-Y chromosomes reveals an interesting temporal dynamics of Y gene evolution (Fig. 6b ). On the very recently formed neo-Y chromosome of D. albomicans, the majority of genes are not yet differentiated sufficiently to be identified as neo-Y-linked by our pipeline, yet the subset of genes that have accumulated enough mutations so we can pick them up as being located on the Y are predominantly expressed in testis. In D. miranda, many more genes on the neo-Y have diverged sufficiently at the DNA sequence level from their neo-X homologs to be identifiable as male-specific, and while many are indeed highly expressed in testis, most are also expressed in somatic (head) tissue. On the older neo-Y of D. pseudoobscura, on the other hand, only few genes remain, yet those that have survived are predominantly expressed in testis. This temporal comparison of Y chromosomes paints a dynamic picture of Y gene content evolution, and reveals the importance of male-specific selection shaping Y differentiation ( Fig. 7) . At the earliest stages of Y chromosome formation (as in D. albomicans), the majority of genes are indistinguishable on the formerly identical sex chromosomes, and the first genes to diverge at the DNA sequence level on the Y are genes with male-specific function. As time progresses, most genes, independent of their function, start to differentiate and begin to degenerate on the non-recombining Y (as in D. miranda). On old Y chromosomes, almost all of the original genes have been lost, and only those with male-specific function will survive on the Y (as in D. pseudoobscura), or will be gained secondarily from autosomal paralogs (as in D. melanogaster). Loss of homology between diverging sex chromosomes. The lack of homology between the D. melanogaster X and Y chromosome has fueled speculation that the Y in this species is not a degenerate homolog of the X, but instead that the ancestral sex determination system of Drosophila was X0, and that the Y was acquired secondarily from a B chromosome 16 . Here, we show that X and Y chromosomes with little homology have evolved independently multiple times in Diptera, and three processes contribute to a lack of homology between X and Y chromosomes (Fig. 7) . Massive gene loss on the Y is the dominant force shaping sex chromosome divergence, and 100 s of genes can quickly erode on a degenerating Y within a few million years. The few genes that are retained on the Y typically have male-specific function, yet exactly those genes are more likely to be lost from the X. In particular, female-biased transmission or the peculiar regulatory mechanisms of the X during spermatogenesis (such as transcriptional suppression of X-linked genes or a lack of dosage compensation in male germline 9, 41 ; note that the causes of reduced expression of the X chromosome during spermatogenesis are controversial 42 ) may make it an un-preferred location for testis-expressed genes, and demasculinization (i.e., loss of testis genes) may cause loss of genes on the X that are preferentially maintained on the Y. Finally, recruitment of autosomal genes (typically with male-specific expression) to the Y chromosome means that the closest homologs of many Y genes are located on autosomes. Thus, our demonstration that Y chromosomes quickly lose homology with the X independently in many lineages with independently formed sex chromosomes and instead acquire genes of autosomal origin argues against the hypothesis that the Y of D. melanogaster derives from a supernumerary B chromosome. Furthermore, our comparative analysis in Drosophila demonstrates the gradual nature of loss of homology and the various mechanisms contributing to it, and there is thus no need to invoke any additional mechanism (such as a complete loss of the ancestral Y followed by the secondary recruitment of a "B" chromosome) to explain the observed lack of homology between the X and Y of Drosophila.
A prominent gene on the Y chromosome in D. melanogaster, and in fact the only locus that is shared between the X and Y, is the tandemly repeated rDNA gene family 43 . While there seems to be a general tendency for the rDNA locus to reside on the sex chromosomes in Diptera [44] [45] [46] , in several species the rDNA is additionally or even exclusively located on autosomes [47] [48] [49] . The X and Y rDNA units in D. melanogaster are highly similar in sequence due to occasional exchange events 50 , and can thus not be detected with our bioinformatics approach that identifies male-specific sequences.
Discussion
The nature of Y chromosomes has remained mysterious. Here, we investigated the gene complement of Y chromosomes in flies, at very different stages of their evolutionary transition. Young neo-Y chromosomes allow us to study gene loss on gene-rich, degenerating Y chromosomes, and the selective forces driving the divergence and maintenance of a subset of genes that were originally present on the Y 4, 22-24 . Comparisons of the ancestral Y chromosome of Drosophila species enable us to investigate the dynamics of gene gain and loss on old, homologous Y's 12, 13, 16, 17 . Finally, the contrast of old, non-homologous Y chromosomes across Diptera families allows us to identify convergent evolutionary pressures operating on old Y chromosomes.
We find that male-specific selection is a dominating force shaping gene content at each stage of Y evolution. Testis-expressed genes are the first to diverge on very recently formed neo-Y chromosomes (such as in D. albomicans), and are preferentially retained during the initial period of massive gene loss on young, degenerating Y chromosomes (such as in D. miranda and D. pseudoobscura). Once the majority of genes has been lost, Y chromosomes continually reshape their gene complement, by constant losses and gains of genes derived from other locations in the genome with male-specific function 17 . Additionally, genes ancestrally present on the sex chromosomes with male function may be retained on the Y but lost on the X (as is the case for D. pseudoobscura). Thus, after long evolutionary time periods, all homology between the X and Y may be lost. While the 1.5MY old neo-Y of D. miranda still shows substantial homology with its former homolog, almost all traces of their shared ancestry have already eroded after 15MY of evolution for the D. pseudoobscura Y, and no homology remains between the ancestral sex chromosomes of Drosophila 12, 13, 16, 17 .
Independently formed ancient Y chromosomes across flies have evolved similar characteristics convergently: they typically contain very few genes with male-specific function, which appear to be derived mainly from other autosomal locations instead of being remnants of genes ancestrally present on the Y 12, 13, 16, 17 . The long-term dynamics of ancestral mammalian Y chromosomes is somewhat different. Here, the Y has retained some of its ancestral genes, and they appear to have been maintained for ancestral gene dosage 20, 21 . Differences in the mechanism of dosage compensation may contribute to this difference: while male flies generally seem to restore the ancestral gene dosage of X-linked genes through hyper-expression of the X chromosome 9 , male mammals appear not to globally upregulate X-linked genes 51, 52 . Thus, there may be stronger selection to maintain dosage-sensitive genes on the mammalian X chromosome. Therefore, both lineage-specific as well as general evolutionary mechanisms shape the gene content of Y chromosomes across species.
Methods
Data. We utilized previously published data from separately sequenced male and female genomes for each of the 22 species in our study 9 . We also sequenced the transcriptomes from male and female whole body separately for each of those species, as described 9 . We obtained RNA-seq data for male and female heads as well as ovaries and testes for Drosophila albomicans, D. pseudoobscura, D. miranda, Ephydra hians and Themira minor. Data for the same tissues and male and female whole body for D. melanogaster was downloaded from NCBI. Newly collected data have all been uploaded to GenBank. Supplementary Table 2 gives an overview of all the data sets used, including accession numbers for newly collected sequences.
Coding sequences and protein sequences for Drosophila melanogaster genome assembly version r6.2 were downloaded from flybase.org.
Genome assembly. For each species, male and female paired end genomic reads were trimmed and assembled separately using SOAPdenovo 53 with a kmer size of 31. An overview of the resulting genome assemblies is given in Supplementary  Table 3 .
Transcriptome assembly. FastQC (http://www.bioinformatics.babraham.ac.uk/ projects/fastqc/) was used to quality filter the reads. After trimming, Trinity 54 was used to assemble the transcriptomes for each species using default parameters and a kmer size of 25. An overview of the resulting transcriptome assemblies is given in Supplementary Table 3 .
Pipeline to identify Y-linked coding sequences. We used a subtraction approach to identify putative Y-linked sequences, similar to previous studies done in mammals 20, 21 ; (Supplementary Fig. 1 ). Our pipeline starts by making a putative transcriptome assembly of Y-linked genes, and at each step filtering out possible false positives to obtain a conservative list of candidate Y-linked genes. In particular, we first map male RNA-seq reads to the female de novo genome assembly using tophat2 55 and then build a male de novo transcriptome assembly using Trinity 54 from RNA-seq reads that do not map to a female assembly using default parameters and a kmer size of 25. We then mapped the assembled transcripts to the female reference genome using BLAT 56 female genomic scaffolds or if the blat score was less than 50. Following this, female RNA-seq reads were mapped to the remaining transcripts using bowtie2 57 with default parameters and transcripts that mapped 50% or more of their sequence with up to two mismatches were discarded. We then did a merging step using the software TGICL 58 using a minimum overlap of 30 bp and STM, i.e. scaffolding by translational mapping 59 to remove redundancy and obtain maximal length transcripts. We validated the merged transcripts by mapping them to genomic reads using bowtie2 57 with default parameters and allowing up to two mismatches. We used soapcoverage (http://soap.genomics.org.cn/soapaligner.html) to calculate male and female genomic coverage for each transcript, and only transcripts for which greater than 60% of their sequence was covered by male reads and less than 10% by female reads were retained. We then mapped male and female RNA-seq reads separately to the remaining transcripts using bowtie2 57 with default parameters and calculated RPKM values using the software eXpress 60 . Only transcripts with greater than twice the expression in males compared to females were retained. In order to eliminate transcripts with repetitive sequences, we built repeat libraries for each species using RepARK 61 and discarded transcripts that mapped to repeats using the software BLAT with default parameters. We then did a final filtering step and discarded transcripts if their effective length used to calculate RPKM as determined by eXpress 60 was < 60% of the total transcript length. We repeated the exact same pipeline but switching sexes in order to identify female-specific transcripts, to empirically assess the false-positive rate of our approach ( Supplementary Table 3 ), and only kept species for further analysis where we identified at least twice as many male-relative to female-specific transcripts (Supplementary Table 3 ). Sequences of all assembled putative Y-linked transcripts are given in Supplementary Data 1.
PCR validation for a subset on Y-linked genes. DNA was isolated from two single male and female flies using the Qiagen DNeasy Blood/Tissue kit. PCR primers were designed using the Primer3 software based on assembled putative Y-linked transcripts. PCR amplification was performed with the ThermoFischer Scientific DreamTaq kit, with annealing temperatures ranging from 55 to 60°C.
Finding paralogs and determining Ks values. We calculated Ka, Ks and Ka/Ks values for all Y-linked transcripts for which we could find paralogous sequences in the female genome assembly. To this end, we first determined putative peptide sequences for the candidate Y-linked transcripts using either CPC 31 or ORF finder (http://www.bioinformatics.org/sms2/orf_find.html). We then used tblastn (https:// blast.ncbi.nlm.nih.gov/Blast.cgi) to map putative Y-linked peptides to the female genome assembly for each species, to identify whether Y-linked transcripts had paralogous sequences in the female genome. We ignored all transcripts that aligned poorly with a BLAST score below 50 or with less than 40% sequence identity. We then used the software exonerate 62 with parameters: -exhaustive, protein2genome, -n 1, to extract coding sequences for the Y-linked transcripts as well as their paralogs in the female genomes and then aligned Y-linked transcripts to the coding sequences of these paralogs using the software prank (http://wasabiapp.org/ software/prank). Finally, we used KaKs_Calculator 63 to determine Ka, Ks and Ka/ Ks values. Sequences of paralogs of putative Y-linked transcripts are given in Supplementary Data 2.
For the four species in our analysis with neo-sex chromosomes, we used homology to D. melanogaster as well as their published genome assemblies to determine the chromosomal location of paralogs of putative Y-linked transcripts. To this end, we mapped female genomic scaffolds to coding sequences from D. melanogaster and the published species genomes using BLAT with default parameters and then used the best alignment to assign paralogs to chromosomal arms. We classified transcripts as being autosomal, neo-X-linked, X-linked or ancestrally Y-linked (i.e., genes that are Y-linked in D. melanogaster or in D. pseudoobscura, for D. miranda) based on the chromosomal location that we determined for their paralogs. Paralogs whose chromosomal location could not be identified were placed in the 'unknown' category.
Coverage analysis for paralogs of putative Y-linked transcripts. We used previously published genomic coverage data as well as genome assemblies 9 to determine the coverage of the genomic scaffolds that the paralogs of the putative Y-linked transcripts in the female genome are located on. We then plotted a histogram of log2(Normalized Male/Female) coverage for all genomic scaffolds highlighting the coverage of the scaffolds containing the Y-linked paralog in red lines (Fig. 4) .
For D. busckii, no published coverage data were available. We used SOAP de novo to build a genome assembly from male and female genomic reads and then aligned male and female genomic reads separately to the de novo assembled genome using bowtie2 57 with default parameters. We then used soapcoverage to calculate male and female genomic coverages for all scaffolds whose length was at least 1000 bp. We then proceeded similarly to the other species in the analysis to obtain a coverage histogram.
Tissue-specific expression. For the six species in our analysis for which we had RNA-seq data from male and female heads, ovaries, and testes (Supplementary Table 2 ), we calculated expression of the Y-linked transcripts for each tissue as TPM (transcripts per million) values using the software kallisto 64 with default parameters.
Tissue-specific expression of Y homologs in D. melanogaster. For each species, we used BLAT 56 with a translated nucleotide and a translated database to identify the D. melanogaster genes that are homologous to the putative Y-linked transcripts using default parameters and a BLAT score cutoff of 50. We then downloaded tissue-specific expression profiles for each of those genes from flybase.org, in order to investigate the spatio-temporal expression patterns of genes in D. melanogaster whose homologs have become Y-linked in the different fly species investigated.
